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Abstract
We use gauge/gravity duality to study vector meson (J/Ψ, ρ0,Ω,Φ) production
in electron-proton scattering, in the limit of high center of mass energy at fixed mo-
mentum transfer, corresponding to the limit of low Bjorken x, where the process is
dominated by pomeron exchange. Our approach considers the pomeron at strong
coupling, described by the graviton Regge trajectory in AdS space with a hard-wall
to mimic confinement effects. Both the proton and vector mesons are described by
simple holographic wave functions in AdS. This model agrees with HERA H1 data
with a χ2 per degree of freedom below one on total cross-sections, and below two on
differential cross-sections, confirming the success of previous studies that model low x
DIS and DVCS using gauge/gravity duality.
miguelc@fc.up.pt
djuric@fc.up.pt
evans@soton.ac.uk
ar
X
iv
:1
30
7.
00
09
v2
  [
he
p-
ph
]  
17
 Ju
l 2
01
3
= + · · ·k1
k2
k3
k4p
  
p
e 
e 
V
Figure 1: The process of vector meson production analysed in this paper. An off-shell photon of
momenta k1 (with k
2
1 = Q
2) interacts with a proton p of momenta k2, leading to a final state of
a scattered proton and a vector meson V . At low x this process is dominated by the exchange of
the pomeron, which at weak coupling can be described by the BFKL hard pomeron.
1 Introduction
Vector meson production (VMP) is one of the diffractive processes studied in electron-proton
collisions at HERA. It is conceptually similar to deeply virtual Compton scattering (DVCS),
but instead of an outgoing photon a vector meson is produced. The vector mesons have the
same JPC values as the photon (i.e. 1−−), so the process is kinematically similar. The key
difference comes from the vector mesons’ structure functions. Here we will study processes
where the final state is a ρ, φ, J/ψ or Ω. Figure 1 shows the process considered in this paper.
In the limit of high center of mass energy at fixed momentum transfer, corresponding
to the limit of low Bjorken x, VMP is dominated by the exchange of the pomeron Regge
trajectory between the photon and the proton. In particular, at large virtuality Q2 of the
incoming photon, diagrams of order [αs ln(1/x)]
n can be resummed in perturbation theory
and the process is described by the exchange of the hard pomeron [1, 2, 3], as shown
schematically in Figure 1. A number of authors [4, 5, 6, 7, 8, 9, 10] have studied vector
meson production using the weak coupling analysis providing a decent fit to the data. More
recently, the analysis in [11] uses AdS wave functions within a dipole approximation to fit
ρ production.
The Gauge/Gravity duality establishes a correspondence between the pomeron Regge
trajectory and the graviton Regge trajectory of the dual string theory [12]. This correspon-
dence has been used to study low-x QCD processes dominated by pomeron exchange such as
DIS [13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26] and DVCS [27, 28, 29]. In particu-
lar, it provides a description for the strong coupling expansion of pomeron exchange, whose
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intercept varies from j0 = 1 at weak coupling to j0 = 2 at strong coupling. Experimental
evidence shows that, as one increases the coupling (by varying Q2 from large to small), the
effective spin of the exchanged pomeron grows from j0 ∼ 1.1 to j0 ∼ 1.4 (see for instance
the figure presented in the conclusion of [25]). It is therefore conceivable that one may fit
the data starting from the strong coupling regime, instead of the more conventional weak
coupling BFKL approach. This is done here by considering the graviton Regge trajectory
in AdS space. Confinement can be simply and successfully modelled by the inclusion of an
infra-red hard-wall in this AdS space. A detailed discussion on the validity and assumptions
behind this model was presented in [29], here we will be mainly concerned in computing the
cross section for VMP at low x using the dual AdS tree level diagram with the exchange of
the graviton Regge trajectory, as shown in Figure 2. We then compare to HERA data.
A new key aspect of our gauge/gravity duality description of VMP, in comparison with
DIS and DVCS, will be to use a very simple holographic model for the vector mesons which
gives the holographic wave function of the mesons as a function of their mass. These wave
functions are normalisable modes of the AdS U(1) gauge field dual to the electromagnetic
current operator jaf = ψ¯fγ
aψf . Holographic models of vector mesons include using the
D3/D7 system [30, 31, 32, 33, 34] and the Sakai-Sugimoto model [35, 36] - in each case
a bulk gauge field is associated with the vector meson states and eigenvalues of its radial
wave equation are computed with the AdS radius terminating at the scale of the constituent
quark’s mass. AdS/QCD is a phenomenological crystallization of these ideas [37, 38]. In
coordinates where the AdS metric is given by ds2 = (R2/z2)(dx2 + dz2), for each meson we
will simply solve for the radial wave function of an AdS vector field cut off at some radius zf ,
which is determined by the physical mass of the meson. For most of the analysed data the
overlap between the bulk-to-boundary propagator, which creates a source of the operator
jaf that couples to the virtual photon, the meson wave functions and the pomeron bulk-to-
bulk propagator is in the UV region. In this region both the bulk-to-boundary propagator
and the meson wave functions are determined by the canonical dimension of jaf . When the
overlap moves to the QCD scale we rely on the simplest phenomenological model with a
cut-off zf for the field dual to j
a
f , and also with an AdS hard-wall at a cut-off z0 for the
remaining fields. For the proton we assume that its wave function is highly peaked at a
scale z∗.
The methodology we use here for pomeron exchange has already been developed and
tested against experimental data in previous publications [17, 25, 29]. Holographic descrip-
tions of vector mesons are discussed in detail in [34]. Hence, to keep this note short, we
will quickly summarize the main results and new features needed for VMP, and then pro-
ceed to present the results. The reader is directed to the aforementioned sources for more
information on using the AdS/CFT correspondence in the study of diffractive scattering.
2
ja
p
p
 
 
⇧µ⌫ ⇢
⇧↵a
A  
V  
Figure 2: Holographic representation of the hadronic tensor needed to compute the cross sec-
tion for VMP. Single pomeron exchange at strong coupling is described by the exchange of the
AdS graviton Regge trajectory. In the light-cone coordinates used in this paper the exchange is
dominated by the Π++−− component of the Reggeon propagator.
It is however important to enumerate clearly the free parameters in our model. The
meson wave functions are determined in terms of the scale zf , but we fix this by the observed
meson mass. Our wave function for the proton state includes the scale z∗ which we keep
as a fit parameter. The Regge-graviton propagator is constructed from the conformal limit
at strong coupling, where it depends on one parameter – the intercept j0. There is one
additional parameter that enters, g20, which is determined by the coupling of the pomeron
to the external states (and is therefore different for each vector final state). A fit to the
data assuming the conformal propagator hence depends on three parameters and we find
already a good fit. A fourth parameter can be introduced to represent confinement in the
propagator, a hard-wall cut off at large z0 > zf . We also make fits including this adjustment
and find a better overall χ2 fit.
In the results section of the paper we present numerical fits of our model to HERA H1
data for ρ, φ and J/ψ production as well as to the very limited ZEUS data for the Ω. Our
results are summarized in Table 1 of Section 3. The overall fit to the total cross-sections
has a χ2/degree of freedom below one in each case, which confirms the approach captures
the physics of the processes. The fits to the differential cross-sections have a χ2/degree of
freedom between one and two, which whilst not as good a fit as previously found for the
DIS and DVCS using this approach, is still decent.
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2 Cross section for vector meson production
To compute the total cross section for vector meson production we need first to compute
the following hadronic tensor
W λa (kj) = i
∫
d4y eik1·y〈k3, λ; k4|ja(y)|k2〉 , (1)
where λ is the polarization of the outgoing vector meson and we refer to Figure 1 for the
kinematics. Contracting with the polarization of the incoming photon, the amplitude for
the transition between a photon of polarization λ and a vector meson of polarization λ′ is
W λλ
′
(kj) = (n
λ)aW λ
′
a (kj) . (2)
We will average over the incoming polarizations and sum over the final ones. The differential
cross-section is then given by
dσ
dt
(x,Q2, t) =
1
16pis2
1
3
3∑
λ,λ′=1
∣∣W λλ′∣∣2 . (3)
We will compute W λλ
′
from the AdS Witten diagram sketched in Figure 2. We will now
discuss the key elements of such diagram.
2.1 External kinematics
Let us describe the kinematics of the external particles. We use light-cone coordinates
(+,−,⊥), with metric given by ds2 = −dx+dx−+dx2⊥, where x⊥ ∈ R2 is a vector in impact
parameter space. For the incoming particles we take
k1 =
(√
s,−Q
2
√
s
, 0
)
, k2 =
(
M2√
s
,
√
s, 0
)
, (4)
where M is the mass of the target and the incoming off-shell photon is space-like with
k21 = Q
2 > 0. For the outgoing particles
k3 = −
(√
s,
q2⊥ +m
2
√
s
, q⊥
)
, k4 = −
(
M2 + q2⊥√
s
,
√
s,−q⊥
)
, (5)
where m is the mass of the vector meson that is created. We consider the Regge limit of
large s and fixed t = −q2⊥.
We also need to define the photon and vector meson polarization vectors. Let nλ and n
′
λ
be, respectively, the photon and vector meson polarization vectors. We can use the gauge
freedom to impose the conditions
n · k1 = 0 , n′ · k3 = 0 . (6)
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We normalize the photon polarization such that n2 = 1 for transverse polarizations and
n2 = −1 for longitudinal polarization (the photon is space-like). For the vector meson we
have always n′2 = 1.
In the above light-cone coordinates, the polarization of the transverse incoming photon
is
nλ = (0, 0, λ) , (λ = 1, 2) (7)
where λ is an orthogonal basis of unit vectors on R2. The incoming longitudinal photon
has polarization
n3 =
1
Q
(√
s,
Q2√
s
, 0
)
, (8)
where we define Q =
√
Q2. Note that all the ni are orthogonal (and unit normalized).
For the outgoing meson we introduce the two (transverse) polarizations
n′λ =
(
0, 2
′λ · q⊥√
s
, ′λ
)
, (λ = 1, 2) (9)
where ′λ is an orthogonal basis of unit vectors on R
2. This polarization is transverse, in the
sense that in the Regge limit the leading component is on the transverse space R2. For the
other polarization we take
n′3 =
1
m
(√
s,
−m2 + q2⊥√
s
, q⊥
)
. (10)
This polarization is longitudinal, in the sense that in the Regge limit the leading component
is light-like and parallel to the meson momenta. Again all n′i are orthogonal (and unit
normalized).
2.2 External state AdS wave functions
In the gravity dual description bound states are associated with eigenmode wave functions
in the holographic z direction. The vector mesons for example are described by a nor-
malizable mode of the AdS U(1) gauge field dual to the electromagnetic current operator
jaf = ψ¯fγ
aψf . The non-normalizable mode is dual to this operator’s source (which couples
to the virtual photon when we include the QED coupling to the quarks). To fix the asymp-
totic normalization of the mode we must impose a large z (IR) boundary condition on the
solution. We simply include a “fermion hard-wall” at the scale zf ∼ m−1f for each fermion
flavour and impose Neumann boundary conditions on the field at the wall. The value of zf
is phenomenologically fixed by the measured vector meson mass and the model contains no
free parameters in the mesonic sector.
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We write the normalizable mode for the AdS gauge field describing the vector mesons
as
Aλµ(X) =
∫
d4k
(2pi)4
n′λµ e
ik·xA(z, k) , (11)
where X = (z, x) are the usual Poincare´ coordinates in AdS. In the gauge DµA
µ = 0, the
field equation D2Aµ = 0 is solved by
A(z, k) =
√
2
ξJ1(ξ)
mzJ1(mz) , k
2 = −m2 , (12)
with the polarisation vector satisfying
n′z = 0 , n
′
ak
a = 0 , (13)
where the boundary polarisation n′a is given by either (9) or (10). We have taken the
normalizable Bessel function solution, so that the wave function falls off asymptotically as
z2, as required for a massless vector field dual to the vector operator jaf of dimension 3. The
constant ξ = 2.4048... in the expression (12) for A(z, k) is the first zero of the Bessel funcion
J0 and arises from imposing Neumann boundary conditions on the field at the cut-off scale
zf defined by the quark cut off scale zf ∼ 1/mqf . The relation between the meson mass and
the corresponding quark cut off is then m = ξ/zf . The overall constant in A(z, k) follows
from the normalization condition ∫ zf
0
dz
z
|A(z, k)|2 = 1 . (14)
To compute the hadronic tensor (1) we need to compute the expectation value of the
operator jaf in the state defined by the incoming proton, and outgoing proton and vector
meson. Thus we need to include the bulk-to-boundary propagator of the same gauge field,
given by its non-normalizable mode, which is dual to a source of jaf (see Figure 2) and
behaves asymptotically as z0. Denoting the propagator between the bulk point X = (z, x)
and the boundary point y by Πµa(X, y), in the gauge DµA
µ = 0 we have
Πza(X, y) = 0 , Πba(X, y) =
∫
d4k
(2pi)4
eik·(x−y)Πba(z, k) , (15)
with
Πba(z, k) =
√
C
pi2
6
(
ηba − kbka
k2
)
QzK1(Qz) , k
2 = −Q2 . (16)
Note that this is the solution in a conformal theory that extends to infinite z. Using the
same simple model as above, we should also introduce Neumann boundary conditions at
the IR wall located at z = zf , as described in [39]. However, a simple analysis of the overlap
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between the vector meson wave function and the bulk-to-boundary propagator shows that
this modification is only important when the vector meson mass m is of the same order as the
off-shellness Q. This does not happen for most of the data points here considered. Indeed
we have found changes in the IR boundary conditions of the bulk-to-boundary propagator
to have little impact on the fits.
The constant C in (16) is fixed by the normalization of the current operator two-point
function given by 〈ja(y)jb(0)〉 = (C/y6)(ηab − 2yayb/y2). In free theory, for a quark of
charge qf , we have C = 3αq
2
f/pi
3, where α = e2/(4pi) is the fine structure constant. To fix a
reference value for this normalization constant we assume the flavour content of our vector
mesons is given by ρ = 1√
2
(uu¯ − dd¯), Ω = 1√
2
(uu¯ + dd¯), Φ = ss¯ and J/ψ = cc¯. We then
have Cρ = CΩ = 5α/(6pi
3), CΦ = α/(3pi
3) and CJ/ψ = 4α/(3pi
3). Since over the kinematical
range of VMP here considered the theory is not free, our fits will also allow for changes from
this reference values.
At the opposite vertex of the t-channel exchange a proton scatters and in principle one
should put the AdS wave functions for both incoming and outgoing protons. For example,
we could describe the proton by the normalizable mode of a scalar in AdS with mass
squared of 9/4. The solution, φ(z) ∝ z3/2 (− sin z − 3 cos z/z + 3 sin z/z), would fall off
as z9/2 matching the dimension of ψ3f . This behaviour would extend up to some scale z∗
associated with the dynamical mass of the proton’s constituents. In fact, since the proton
wave function is sufficiently fast falling at small z, we will take simply a delta function
localized at a scale z∗. More concretely we consider
Φ(z) = |φ(z)|2 = z3δ(z − z∗) , (17)
which satisfies the normalization condition∫
dz
z3
|φ(z)|2 = 1 . (18)
We will leave z∗ as a free parameter in our fits. An additional benefit of this approach
is that the z integration at the vertex can be done analytically rather than numerically,
greatly reducing the numerical computation time for the process. This is a considerable
saving across many fits. In fact we did try some sample runs using the full proton wave
function but found only a very small change in the fit parameters.
2.3 Witten diagram for graviton exchange
In the Regge limit, the amplitude for γ∗p → V p, computed from the dual Witten diagram
in AdS, is dominated by t-channel exchange of the graviton Regge trajectory. Let us first
consider the limit of very large ’t Hooft coupling, where graviton exchanges dominates the
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other massive strings in this trajectory. In this case, for the above external Regge kinematics,
standard Feynman rules in AdS give [40, 41, 42, 43, 44]
W λa (ki) = κ
2
∫
dl⊥ eiq⊥·l⊥
∫
dz
z3
dz¯
z¯3
2∂1[−Πα]a(z, k1) gαβ(z) 2∂3[−Aλβ](z, k3)
ik2+φ(z¯, k2) ik4+φ(z¯, k4)16zz¯Π⊥(L) , (19)
where we used the notation
2∂1[−Πα]a(z, k1) =
√
C
pi2
6
×
{
2ik1[−η c]aQzK1(Qz) , α = c(
η−a − k1−k1aQ2
)
Q2zK0(Qz) , α = z
, (20)
and
2∂3[−Aλβ](z, k3) =
√
2
ξJ1(ξ)
×
{
2ik3[−n′λd] mzJ1(mz) , β = d
−n′λ− m2zJ0(mz) , β = z
. (21)
We have discussed in the previous section the form of the bulk-to-boundary propagator of
the AdS vector field and also of the normalizable modes dual to the vector meson and to
the proton.
The above amplitude already takes into account that for the Regge kinematics here
considered the component Π++−− of the graviton propagator dominates the exchange, and
can be integrated along the light cone directions to give a scalar propagator Π⊥(L) on the
AdS transverse space H3 of mass squared 3 [40], with
coshL =
z2 + z¯2 + l2⊥
2zz¯
. (22)
Next we contract the amplitude W λ
′
a (ki) with the incoming photon polarization n
λ, and
then consider all possible polarizations λ and λ′. It turns out that the non-zero contributions
preserve helicity, i.e. WLT = 0 = WTL. A simple computation shows that
WTT = (n
λ)aW λ
′
a (kj) = (λ · λ′)QmW1 , (λ, λ′ = 1, 2) (23)
WLL = (n
λ)aW λ
′
a (kj) = −QmW0 , (λ = λ′ = 3) (24)
where
Wn = 2is
∫
dl⊥ eiq⊥·l⊥
∫
dz
z3
dz¯
z¯3
Ψn(z) Φ(z¯)
[
i
κ2
2
S Π⊥(L)
]
, (25)
with S = zz¯s,
Ψn(z) = −
(√
Cpi2
6
z2Kn(Qz)
)( √
2
ξJ1(ξ)
z2Jn(mz)
)
, (26)
and Φ(z¯) is given in (17) above.
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2.4 Exchange of graviton-Regge trajectory
So far we have evaluated the Witten diagram with a single graviton exchange which is valid
for very large ’t Hooft coupling λ. To extend this result to smaller coupling/string tension,
including the correction from string states in the leading Regge trajectory, we first need to
realise that the amplitude (25) can be written in terms of a conformal amplitude B(S, L).
Taking care of the external polarizations, one can then show that the amplitude Wn defined
in (25) becomes
Wn = 2is
∫
dl⊥ eiq⊥·l⊥
∫
dz
z3
dz¯
z¯3
Ψn(z) Φ(z¯)B(S, L) . (27)
This general form relies only on conformal invariance, as shown in [44] and reviewed at length
in [29]. At very large ’t Hooft coupling, introducing the AdS phase shift χ(S, L) = iB(S, L),
the Witten diagram for single graviton exchange in the Regge limit has
χ(S, L) = −κ
2
2
S Π⊥(L) . (28)
In this paper we are interested in the limit of large ’t Hooft coupling λ  1, but with
sufficiently high energies such that
√
λ/ lnS  1. In this limit all fields in the graviton
Regge trajectory contribute to the amplitude [45], and we have
B(S, L) = g20
(
1 + i cot
(piρ
2
))
(α′S)1−ρ
e
− L2
ρ ln(α′S)
(ρ ln(α′S))3/2
L
sinhL
, (29)
where
α′S =
zz¯s√
λ
, ρ = 2− j0 = 2√
λ
. (30)
In this equation the ’t Hooft coupling is defined from the AdS radius as λ = R4/α′2, where
α′ is the tension of the dual QCD string1. The coupling g20 is related to the impact factors
of the external states. The resulting graviton-Regge amplitude depends on two parameters:
the intercept j0 (or equivalently the above defined ’t Hooft coupling λ) and the coupling g
2
0.
Note that, as an overall coefficient of the Feynman diagram, g20 also soaks up any freedom
in the normalization constant C of the U(1) gauge field bulk-to-boundary propagator. In
other words, the fits to data will fix only the combination
√
Cg20, and for this reason we
shall fix, when presenting the results, C to the reference values given in Section 2.2.
1In N = 4 SYM, λ = g2YMN is also the ’t Hooft coupling defined from perturbation theory. On the
other hand, in the kinematic range analysed in this paper, where we start by considering that in this range
QCD is approximately conformal, just as in the weak coupling BFKL analysis, the precise relation between
λ = R4/α′2 and the ’t Hooft coupling defined from perturbation theory is not known. This would mean
finding the dual QCD string.
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As so far presented the graviton-Regge, or the BPST pomeron [12], trajectory exchanged
in AdS is that of a conformal theory. In QCD we expect that confinement will enter in the
IR and cut off any deep IR contribution to the process. The simplest model of that effect
is just to include a hard-wall in z at z0 on the Pomeron propagator. We will introduce this
extra parameter into a second fit to the data below also. In this model, the propagator
for the Pomeron is modified, due to the different boundary conditions in the differential
equation that defines it [12]. In our analysis, following [25], we use the approximation (with
τ = log(α′S))
χhw(τ, l⊥, z, z¯) = C(τ, z, z¯)D(τ, l⊥)χ
(0)
hw(τ, l⊥, z, z¯) , (31)
where
D(τ, l⊥) = min
(
1,
exp[−m1l⊥ − (m0 −m1)2l2⊥/4ρτ ]
exp[−m1z0 − (m0 −m1)2z20/4ρτ ]
)
, (32)
is an exponential cutoff at large l⊥, known to be present asymptotically and determined by
the first glueball masses m0 and m1, and
χ
(0)
hw(τ, l⊥, z, z¯) = χc(τ, l⊥, z, z¯) + F(τ, z, z¯)χc(τ, l⊥, z, z20/z¯) . (33)
In the above χc(τ, l⊥, z, z¯) is derived from the conformal kernel, equation (29). This approx-
imation stems from the fact that the hard-wall kernel can be shown to have the above form
at t = q2⊥ = 0, i.e. with l⊥ integrated over while setting q⊥ = 0, and then extrapolating to
l⊥. C(τ, z, z′), is a normalization function, independent of l⊥, which ensures the t = 0 result
is retained. For details see [25, 29]. The function
F(τ, z, z¯) = 1− 4√piτ eη2 erfc(η) , η = − log(zz¯/z
2
0) + 4τ√
4τ
, (34)
is set by the boundary conditions at the wall and represents the relative importance of the
two terms and therefore confinement. This function varies between −1 and 1, approaching
−1 at either large z, which roughly corresponds to small Q2, or at large τ corresponding to
small x. It is therefore in these regions that confinement is important.
3 Results
Our tree level AdS Feynman diagram provides a full description of the low x vector meson
production in terms of the parameters j0 = 2− ρ (the intercept), g20 (a vertex factor fitted
for each meson state), z∗ (the IR scale characterizing the proton wave function) and if we
choose z0 (an IR confinement cut off). We will now perform a fit to the data collected at
HERA by the H1 collaboration [46, 47].
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Table 1: Output data for our fits showing the number of experimental points, N , the χ2 per
degree of freedom for the fit and the best fit parameter values for j0 = 2 − ρ (the intercept), g20
(a vertex factor fitted for each meson state, with respect to reference values of the normalisation
constants C given in Section 2.2), z∗ (the IR scale characterizing the proton wave function) and,
for the hard-wall model fits, z0 (an IR confinement cut-off).
All of the data is at small x (< 0.01). Note that the ρ, φ and Ω have a mass close to
each other, ranging from ∼ 0.78 − 1.02 GeV, whereas the J/Ψ has a significantly higher
mass at 3.09 GeV. This means that it is precisely for the J/Ψ that the flavour cut-off scale
becomes closer to the probe scale Q, therefore indicating that details of the AdS model for
this vector meson will be be more important.
In Table 1 we see a summary of all our fits. We show fits to the full cross-section and the
differential cross-sections for each process. N labels the number of available data points.
We list the χ2 per degree of freedom in the fit and the best fit values of the parameters.
Although data is available from the ZEUS collaboration as well [48, 49, 50, 51], we find
that in fitting the differential cross section we obtain better fits using the H1 data. This is
most pronounced in the fit for the J/Ψ meson where fitting the H1 differential cross section
we get the results from Table 1, while fitting just the ZEUS data we get a χ2d.o.f. = 9.57.
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Figure 3: Cross sections using the conformal model.
Fitting both H1 and ZEUS together for this meson (but without taking into account the
normalization differences between the data sets) we get a χ2d.o.f. = 6.74. For the remaining
mesons fitting the data from both collaborations together gives only a slightly worse χ2d.o.f.
2,
but to be consistent throughout we chose to present the fits and plots for just the H1
data3. If the measurements of both collaborations are properly statistically combined in the
manner of [52], with corresponding fits given in [25] for the case of DIS, it would be possible
to revisit the fits here presented. It is also interesting to note that the H1 data set for J/Ψ
goes to the lowest value of Q2, hence giving us the most direct probe of our hard-wall model
near the location of the cutoff.
Firstly, the fits to the full cross-sections provide very good χ2 < 1 in all cases. We
2For individual data sets, H1 gives a better fit in each case.
3The only exception is the cross section for the Ω meson, where we could only find ZEUS data.
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Figure 4: Cross sections using the hard-wall model.
display the fit to a representative sample of the data points4 in Figures 3 and 4. Note the
Ω production fit is only to 6 data points. The best fit for the intercept j0 = 2− ρ is in the
range 0.64 < ρ < 0.76 across the fits, which seems fairly stable, and consistent with the
intercepts found in DIS [25] and DVCS [29]. Note that, if we naively use the N = 4 SYM
result ρ = 2/
√
g2YMN , this corresponds to fit values for αs between 0.18 and 0.26. The
best fit values for g20 vary by almost an order of magnitude but since these are couplings
specific to the meson states, that differ in each process, there is therefore no expectation
that they should precisely match. The best fit values for the position of the hard-wall in
the proton wave function, z∗, vary by a factor of 4 or so across the fits (giving a typical
value of 500 MeV for the wall position). The inclusion of the hard-wall cut-off parameter z0
4Of course, in Table 1 all of the values correspond to the fit to all the points.
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Figure 5: Differential cross section for the ρ meson (top plots) and for the φ meson (bottom plots).
Note that even though the plots for each meson appear very similar, the left hand ones use the
conformal Pomeron, and the right hand ones use the hard-wall Pomeron.
has very little impact on the goodness of fit in any of the cases (a fairly stable value around
200 MeV emerges).
We can now turn to our fits of differential cross-section data (which is not available for
the Ω meson). To avoid cluttering the paper with too many figures, we display the fit to a
representative sample of the data points in Figures 5 and 6. The fits are less good than for
the full cross-section data but still have χ2 < 2 in each case. To claim such a good fit for
the J/Ψ meson we do need to include the hard-wall parameter z0 and this is the only place
in our fits where it makes a significant impact. For this process the momentum transfer
energies t go as low as 0.05 GeV2, which is already below the hard-wall cut off scale set by
1/z0. We therefore might need to improve the hard-wall model in order to obtain a better
14
0 0.2 0.4 0.6 0.8 1 1.210
0
101
102
103
-t
d
σ
d
t
J/Ψ,  Q2 = 0.05 GeV2
 
 
W = 65 GeV
W = 95 GeV
W = 119 GeV
W = 251 GeV
0 0.2 0.4 0.6 0.8 1 1.2
100
101
102
-t
d
σ
d
t
J/Ψ,  Q2 = 8.9 GeV2
 
 
W = 57 GeV
W = 98 GeV
W = 140 GeV
0 0.2 0.4 0.6 0.8 1 1.210
0
101
102
103
-t
d
σ
d
t
J/Ψ,  Q2 = 0.05 GeV2
 
 
W = 65 GeV
W = 95 GeV
W = 119 GeV
W = 251 GeV
0 0.2 0.4 0.6 0.8 1 1.2
100
101
102
-t
d
σ
d
t
J/Ψ,  Q2 = 8.9 GeV2
 
 
W = 57 GeV
W = 98 GeV
W = 140 GeV
Figure 6: Differential cross section for the J/Ψ meson for some of the W and Q2 values, using
the hard-wall model (top) and the conformal model (bottom).
fit for this meson. We also note that these fits are not quite as good as the equivalent
ones to DIS and DVCS data using the AdS methods, presumably reflecting the additional
complication of fitting the mesonic wave functions holographically. The fit parameters show
the same broad behaviour as for the full cross-section although z∗ seems more stable.
In conclusion we find that the strong coupling AdS/CFT inspired model of low x vector
meson production gives a very good fit to the data, providing further evidence for the
strength of gauge gravity duality methods.
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